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Abstract 


This  study  was  initiated  to  demonstrate  the  feasibility  of  applying  the 
state-of-the-art  nondestructive  testing  methodology  known  as  x-ray  computed 
tomography  (CT)  to  a  ballistic  damage  assessment.  Specifically  desired  is  the 
capture,  digitization,  and  display,  in  both  two-dimensional  (2-D)  and 
three-dimensional  (3-D)  formats,  of  the  actual  mesocracking  damage  created  in 
bulk  ceramic  targets  following  an  interface  defeat  or  dwell  ballistic  impact 
experiment.  Dwell  involves  the  delay,  and  interface  defeat  involves  the 
prevention,  of  penetration  by  a  long  rod  penetrator  into  the  ceramic.  In  each 
mechanism,  the  penetrator  material  contacting  the  ceramic  front  face  flows 
laterally.  These  mechanisms  occur  at  or  near  the  impacted  front  surface  of  a 
highly  confined  armor  ceramic  material  and  may  result  in  considerable 
subsurface  or  interior  damage.  This  study  also  reports  on  the  development  of  a 
new  capability  to  graphically  represent  the  full  assemblage  of  networked  interior 
mesocracks  by  an  isolated  3-D  point  cloud  or  wireform  model  which  aids 
significantly  in  the  visualization  and  understanding  of  the  entire  mesocracking 
damage  network.  Practical  limits  of  image  spatial  resolution  with  this  technique 
(»400  pm  for  large  volume  samples)  preclude  the  nondestructive 
characterization  of  the  detailed  microcracking  damage  at  this  time. 
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1.  Introduction 


Bless  et  al.  (1992)  achieved  interface  defeat  with  a  titanium  diboride  (TiB2) 
ceramic  tile  with  a  loss  of  ceramic  to  only  a  depth  of  5.5  mm.  Hauver  et  al.  (1994) 
subsequently  demonstrated  the  phenomenon  of  interface  defeat  using  a  highly 
confined  target  disk  with  several  ceramics,  including  silicon  carbide  (SiC), 
titanium  carbide  (TiC),  TiB2,  and  tungsten  carbide  (WC).  Lundberg  et  al.  (2000) 
and  LaSalvia  et  al.  (2000)  have  recently  reported  on  the  transition  between 
interface  defeat  and  penetration.  While  the  actual  penetration  of  the  projectile 
into  the  ceramic  is  very  limited  with  the  occurrence  of  interface  defeat,  there  is, 
nevertheless,  considerable  subsurface  internal  damage  in  the  target  ceramic 
ahead  of  the  ceramic  boundary.  This  damage  consists  mainly  of  a  comminuted 
zone  of  pulverized  ceramic  containing  both  microcracks  and  voids  and, 
frequently,  a  larger  network  of  considerable  mesocracking.  The  mesocracks  are 
of  conical,  radial,  and  lateral  (laminar)  orientation  and  are  generally  between 
about  102-103  pm  in  width.  Similar  subsurface  cracking  damage  has  also  been 
described  by  Shockey  et  al.  (1990)  using  destructive  sectioning. 

1.1  Intrinsic  Mesocracking  Damage 

BaUistic  evaluations  frequently  concentrate  on  in-situ  flash  x-ray  diagnostics  and 
post-mortem  penetration  (e.g.,  DOP,  V50/  etc.)  measurements,  aU  of  which  are 
extrinsic  to  the  internal  damage  of  the  target  material.  Characterization  of  the 
internal  impact  damage  in  ceramic  targets  is  normally  limited  to  impact  surface 
fractography  and  random  through-thickness  sectioning  for  poHshing  and 
ceramographic  examination.  The  latter  is  seldom  done  in  sufficient  amount  to 
capture  a  detailed  imderstanding  of  the  intricate  and  complex  nature  of  the 
intrinsic  three-dimensional  (3-D)  mesocracking  portion  of  the  ballistic  damage. 

Such  mesocracks  seriously  reduce  the  capability  of  the  ceramic  material  in 
resisting  penetration  from  subsequent  impacts  (Hauver  et  al.  to  be  published). 
Indeed  without  lateral  confinement,  the  ceramic  with  developing  mesocracks 
would  shatter  under  a  single  ballistic  impact  and  would  not  achieve  the 
condition  of  interface  defeat  at  aU.  If  the  mesocracking  can  be  reduced,  modified, 
or  eliminated,  the  structural  integrity  of  the  ceramic  and  its  intrinsic  resistance  to 
penetration  can  be  improved  substantially.  First,  however,  one  needs  to  be  able 
to  accurately  observe  and  measure  the  nature  and  extent  of  this  mesocracking 
damage  nondestructively.  Thus,  our  objective  was  to  develop  a  methodology 
that  allows  the  detection,  measurement,  and  the  3-D  visualization  of  the  resulting 
mesocracking  damage.  Destructive  sectioning  for  microscopic  examination  of 
either  the  micro-  or  mesocracked  areas  also  can  be  utilized  to  further  evaluate  the 
intrinsic  ceramic  damage.  It  was  felt  that  the  availability  of  this  tool  would  prove 
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useful  in  the  selection  of  destructive  sectioning  locations  and  in  the  evaluation  of 
the  ballistic  confinement  design  as  well.  This  tool  may  then  lead  to  an  improved 
understanding  of  the  impact  damage  that  limits  ballistic  performance. 
Subsequently,  it  may  also  assist  in  the  optimization  of  the  intrinsic  capability  of 
the  target  ceramic  material  and  their  confinement  designs  to  increase  dwell 
(LaSalvia  et  al.  2000),  resist  penetration  and,  ultimately,  to  better  fuUy  defeat  the 
impacting  penetrator. 

1.2  Ballistic  Testing  Approach 

The  resistance  of  a  ceramic  target  material  to  ballistic  penetration  is  known  to  be 
influenced  by  the  design  configuration  of  the  target  assembly,  the  severity  of  the 
projectile  threat,  and  the  structure/ properties  of  the  confined  ceramic  target 
material  (Figure  1). 


(a) 


(b) 


Figure  1.  Depictions  of  (a)  schematic  of  heavy  constraint  ballistic  test  fixture  and  (b)  flash 
x-ray  of  the  penetrator  experiencing  interface  defeat  at  the  front  surface  of  the 
TiC  disk.  Not  to  scale  (Hauver  et  al.  to  be  published). 

The  heavy  constraint  apparatus  used  by  Hauver  et  al.  (1994)  for  confining  the 
TiC  ceramic  sample  disk  during  the  ballistic  impact  testing  is  shown 
schematically  in  Figure  1(a).  A  high-speed  flash  radiograph  showing  the 
interface  defeat  of  the  impacting  penetrator  with  lateral  flow  at  the  front  surface 
of  the  TiC  disk  is  shown  in  Figure  1(b).  The  penetrator  was  a  90%  W  alloy  short 
rod  with  a  length-to-diameter  ratio  (L/D)  =  20,  and  impacted  the  target  at  a 
contact  velocity  of  about  1,600  m/  s. 
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1.3  TiC  Sample  Description 

The  TiC  ceramic  sample  utilized  in  this  study  was  provided  by  George  E.  Hauver 
and  is  one-half  of  a  72-inm-diameter  x  25-mm-thick  ceramic  target  disk  section 
(Figures  2[a]  and  [b]).  A  higher  magnification  view  of  the  sample  cross  section 
containing  the  comminuted  zone  and  the  mesocrackmg  is  more  clearly  shown  in 
Figure  3. 


a.  Macrophotograph  of  TiC  ceramic  half-disk,  72-mm  in  diameter,  showing  front 
(interface  defeat)  impact  surface. 


b.  Macrophotograph  of  TiC  ceramic  half-disk,  25  mm  thick,  showing  comminuted 
microdamaged  zone  (light  circular  area)  and  mesocracking  through  the  thickness  of 
cross  section. 

Figure  2.  Macrophotograph  of  TiC  ceramic  half-disk  showing  impact  surface  and 
damaged  zone. 
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2.  X-ray  Computed  Tomography  (CT)  Method 


2.1  Principles  and  Technique 

Figure  4  schematically  shows  the  rotate-only  (RO)  x-ray  CT  technique.  The  x-ray 
source  and  detector  remain  stationary.  The  object  remains  stationary  relative  to 
the  turntable.  The  coUimated  horizontal  fan  beam  "scans"  a  slice  of  the  object,  as 
the  turntable  rotates  360°.  The  height  above  the  turntable  and  thickness  of  the 
slice  are  known.  A  set  of  attenuation  line  integrals  is  generated  from  the  scan. 
The  line  integrals  can  be  conceptually  grouped  into  subsets  referred  to  as 
"views."  Each  view  corresponds  to  a  set  of  ray  paths  through  the  object  from  a 
particular  direction.  The  views  are  also  referred  to  as  "projections"  or  "profiles," 
while  each  individual  datum  within  a  given  projection  is  referred  to  as  a 
"sample,"  or  often  just  a  "data  point." 

A  state-of-the-art  scanner  routinely  collects  millions  of  measurements  per  scan, 
each  one  accurately  quantified  and  precisely  referenced  to  a  specific  line  of  sight 
through  the  object  of  interest.  The  views  from  the  scan  are  passed  to  the 
reconstruction  algorithm  for  processing  (Stanley  1985).  The  CT  reconstruction 
process  yields  a  two-dimensional  (2-D)  array  of  numbers  corresponding  to  the 
cross  section  of  the  object.  This  2-D  array  of  numbers  (i.e.,  densitometric  gray 
levels)  is  the  CT  image. 
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object  rotates  in  x-ray  beam  to  CT  image 

collect  image  data  from  all  angles 


Figure  4.  Schematic  of  RO  CT  scan  technique. 

2.2  3-D  Volume  Reconstruction 

The  excellent  dimensional  accuracy  and  the  digital  nature  of  CT  images  allow  the 
accurate  volume  reconstruction  of  multiple  adjacent  slices.  The  slices  are 
"stacked"  to  provide  3-D  information  throughout  the  entire  object  or  a  section  of 
the  object.  Two  ways  of  visualizing  volumetric  data  are  multiplanar 
reconstruction  (MPR)  and  3-D  reconstruction.  MPR  (visualization)  displays  top, 
front,  side,  and  oblique  slices  through  the  object.  The  orientation  of  the  top  slice 
is  parallel  to  the  cross-sectional  image  plane.  The  front  sHce  is  orthogonal  to  the 
top  shce.  The  side  slice  is  orthogonal  to  both  the  top  and  front  slices.  The 
oblique  slice  can  be  placed  on  any  one  of  the  other  three  slices.  The  MPR  display 
is  similar  to  an  engineering  drawing.  However,  each  view  (i.e.,  top,  front,  side, 
and  obhque)  is  a  sUce  with  finite  thickness  through  the  object,  not  a  2-D 
projection.  The  top,  front,  and  side  slices  can  be  moved  anywhere  in  the 
reconstructed  volume.  The  oblique  shce  can  be  rotated  through  360°. 

The  volumetric  data  is  displayed  as  a  3-D  solid  object  in  3-D  reconstruction,  and 
the  orientation  of  the  solid  in  space  can  be  changed  to  facilitate  different  views. 
The  sohd  can  also  be  "virtually"  sectioned  by  only  displaying  part  of  the 
reconstructed  volume,  which  creates  a  "virtual"  cutting  plane  on  the  soUd 
showing  the  x-ray  density  values  on  that  plane.  This  plane  may  be  orthogonal  to 
the  cross-sectional  image  plane.  In  effect,  virtual  sectioning  shows  the  exposed 
surface  as  it  would  look  if  the  object  were  actually  destructively  sectioned  along 
that  plane. 
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2.3  3-D  Point  Cloud  Generation 


As  previously  stated,  a  CT  image  is  a  2-D  array  of  densitometric  gray  levels  (i.e., 
CT  densities).  For  example,  a  12-bit  image  would  have  4,096  levels  of  gray  from 
black  to  white,  with  darker  (blacker)  normally  indicating  less  x-ray  attenuation 
and  lighter  (whiter)  indicating  more  attenuation.  The  field  of  image  processing  is 
much  too  large  to  discuss  in  detail  here,  but  it  is  sufficient  to  state  that  different 
materials  in  an  image  can  be  visually  delineated  to  a  high  degree  using  various 
image  processing  techniques  based  upon  their  attenuation  characteristics.  In 
fact,  black  (gray  level  =  0)  and  white  (gray  level  =  4,095)  images  can  be 
generated  using  appropriate  contrast  enhancement.  This  is  normally  done  to 
accurately  define  material  (white)  botmdaries.  Any  number  of  black  and  white 
(i.e.,  binary)  images  can  be  vertically  stacked  to  generate  a  3-D  point  cloud,  in 
which  the  set  of  points  in  space  defines  the  internal  and  external  surfaces  of  the 
object.  Furthermore,  a  point  cloud  can  be  "polygonized"  or  made  into  a 
wireform  model. 


3.  Experimental  Technique 


3.1  CT  Equipment 

The  TiC  half-disk  was  examined  using  a  customized  ACTIS  600/ 420  CT  system 
designed  and  constructed  by  Bio-Imaging  Research  (BIR),  Inc.  and  installed  at 
the  U.S.  Army  Research  Laboratory  (ARL)  at  Aberdeen  Proving  Groimd  (APG), 
MD.  It  has  a  420  keV  x-ray  tube  with  two  focal  spot  sizes  and  a  160  keV 
microfocus  x-ray  tube  with  four  focal  spot  sizes,  the  smallest  being  10  p.  It  also 
has  a  Linear  detector  array  (LDA)  and  an  image  intensifier  (II)  with  a  zoom  lens 
and  a  charged-coupled  device  camera.  CT  scanning  can  be  done  using  the  LDA 
or  the  II.  The  system  can  scan  in  RO  and  offset-RO  mode  using  either  source  and 
the  LDA  or  the  II,  and  in  translate-rotate  (TR)  mode  using  the  LDA  and  either 
source.  It  can  also  perform  digital  radiography  (DR)  scans  using  the  LDA  or  II. 

3.2  CT  Technique  and  Image  Resolution 

The  entire  height  of  the  TiC  sample  was  scanned  perpendicular  to  the  impact 
face  in  TR  mode  with  the  sectioned  surface  resting  on  the  turntable.  The 
source-to-object  distance  (SOD)  and  source-to-image  distance  (SID),  were 
662.8  mm  and  930.0  mm,  respectively.  The  slice  thickness  and  increment  were 
0.50  mm  and  0.20  mm,  respectively,  resulting  in  overlapping  scans.  Overlapping 
scans  generally  improve  MPR  and  3-D  solid  images  because  they  result  in  better 
quality  attenuation  data  (i.e.,  better  photon  statistics)  in  the  overlapping  regions. 
Each  slice  was  reconstructed  to  a  1,024  x  1,024  image  matrix  using  1,238  views. 
Scan  time  was  about  25  min/ slice  with  183  slices  required  to  scan  the  entire 
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sample.  The  scan  configuration  used  the  420  keV  tube  with  the  LDA.  The  tube 
energy  and  current  used  were  350  keV  and  2.5  mA,  respectively,  and  the  focal 
spot  was  0.8  nun. 

A  second  set  of  CT  scans  was  also  conducted  parallel  to  the  impact  face  in  RO 
mode  with  the  back  face  resting  on  the  turntable.  The  SOD  and  SID  were 
747.6  mm  and  950.0  mm,  respectively.  The  slice  thickness  and  increment  were 
both  0.50  mm,  resulting  in  contiguous  scans.  The  scan  configuration  used  the 
420  keV  tube  with  the  LDA.  The  tube  energy  and  current  used  were  415  keV  and 
2.0  mA,  respectively,  and  the  focal  spot  was  0.8  mm. 

Table  1  lists  approximate  image  resolution  achieved  for  the  different  modes  of 
image  visualization. 


Table  1.  Summary  of  visualization  modes  and  image  spatial  resolution  for  TiC 
mesocracking  data. 


Visualization  Mode 

View  Description 

Image  Spatial  Resolution 

2-D  CT  Slice 

Traditional  cross  section 
plane  orthogonal  to  vertical 
axis 

Si  400  |im 

MPR  Pseudo  3-D 

Arbitrary  multiplanar 
shces 

-  400  |im 

(500  pm  in  z  direction) 

3-D  SoHd 

(with  or  without  cut 
sections) 

Obhque  view  showing 
cracks  within  base  TiC 

material 

a  400  pm 

(500  pm  in  z  direction) 

3-D  Point  Cloud 
(polygon/ wireform  model) 

3-D  view  of  crack  network 
’  only  with  base  material 
removed 

a  400  pm 

(500  pm  in  z  direction)® 

»  Assumes  point  cloud  is  not  significantly  under  sampled. 


4.  TiC  Results 


4.1  Digital  Radiography  and  2-D  CT  Slice 

A  digital  radiograph  in  the  through-thickness  direction  and  three  CT  slices  are 
shown  in  Figure  5.  The  vertical  position  of  each  slice  is  shown  on  the  DR  by 
dashed  lines.  The  purely  vertical  streaking  in  the  DR  and  the  moire  fringe 
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Figure  5.  DR  and  2~D  CT  slices  in  TiC  sample. 

pattern  in  the  bottom  CT  slices  are  image  artifacts.  Mesocracking  damage  is 
readily  apparent  in  both  the  DR  and  CT  slices,  even  with  the  artifacts.  The  impact 
face  is  at  the  bottom  of  each  slice. 

4.2  MPR  Visualization 

Figure  6  is  a  MPR  visualization  of  the  entire  sample  with  the  top  slice  view 
parallel  to  the  image  plane.  The  top  slice  view  is  18.18  mm  from  the  sectioned 
surface;  all  the  views  show  crack  damage.  The  front  slice  and  side  slice  views 
show  the  distribution  of  damage  perpendicular  to  and  in  the  through-thickness 
direction,  respectively,  for  those  sUces.  The  obKque  slice  view  shows  an  area  of 
concentrated  damage,  which  is  comminuted  ceramic  material,  in  the  immediate 
vicinity  of  the  sectioned  surface  and  additional  cracking  damage  shaped  roughly 
tike  a  ring  between  the  top  and  the  sectioned  surface.  The  oblique  angle  is  5^^ 
from  the  horizontal  in  the  top  slice  view. 

Figures  7(a)-(c)  are  top  slice  and  front  slice  views  with  increasing  distance  into 
the  sample  interior  moving  away  from  the  impact  surface.  The  mesocracking 
damage  in  slices  perpendicular  to  the  through-thickness  direction  changes  with 
distance  into  the  sample  interior. 

A  radial  mesocrack  is  seen  at  the  5  o'clock  position  in  the  front  slice  views  in 
Figures  7(a)  and  (b).  Figures  8(a)“(c)  are  top  slice  and  side  slice  views  with 
different  side  slice  locations.  The  side  slice  locations  in  the  figures  are  26.89  mm, 
15.61  mm,  and  5.64  mm  to  the  left  of  the  axis  of  the  sample,  respectively.  The 
series  of  side  slice  views  shows  how  both  conical  and  lateral  cracking  damage  in 
the  thickness  direction  change  with  distance  from  the  line  of  impact. 
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Figure  6.  MPR  visualization  of  TiC  sample. 


Top  Slice  View 


Front  Slice  View 


□  a 

(a)  2.98  mm  from  impact  face  (b)  3.98  mm  from  impact  face  (c)  5.97  mm  from  impact  face 

Figure  7.  Top  and  front  slice  views  with  different  front  slice  distances  from  impact  face 
into  TiC  sample  interior. 

4.3  3-D  Solid  Visualization 

Figures  9(a)-(c)  are  3-D  solid  visualizations  showing  different  virtual  surfaces. 
Figure  9(a)  shows  the  entire  sample  and  accurately  reflects  the  damaged 
condition  of  the  impact  face.  Figure  9(b)  shows  the  sample  with  approximately 
one-half  of  it  virtually  cut  off;  conical  and  lateral  cracking  damage  is  readily 
apparent.  Figure  9(c)  shows  the  sample  with  two  virtual  cuts,  the  first 


Front  Slice  View 


Top  Slice  View 
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26.89  mm 

(a)  26.89  mm  from  axis 


Top  Slice  View  Side  Slice  View 


I  I  cesiterline  i 


15.61  mm 


(b)  15.61  mm  from  axis 


Top  Slice  View  Side  SHce  View 

,  ,  centerline  , 


5.64  mm 

(c)  5.64  mm  from  axis 


Figure  8.  Top  slice  and  side  slice  views  with  different  side  slice  distances  from  axis 
(centerline)  showing  conical  and  laminar  mesocracking. 

being  the  same  as  in  Figure  9(b).  The  sectioned  surfaces  appear  as  if  the  sample 
was  actually  cut  at  those  surfaces.  This  is  an  effective  way  to  visualize  damage 
on  sectioned  planes  in  particular  locations/ directions  while  maintaining  its 
registration  to  the  entire  original  sample.  The  sample  material  is  still  represented 
in  opaque  bulk  form  and  thus  blocks  access  to  contiguous  damage  features  on 
adjacent  slices  not  currently  in  view.  A  more  comprehensive  set  of  3-D  solid 
visualizations  is  presented  in  Appendix  A. 
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(a)  Original  sample 


(b)  One-half  of  the  sample  (c)  Two-cut  section 

Figure  9.  3-D  solid  visualizations  of  TiC  sample. 


4.4  3-D  Point  Cloud  and  Wiref  orm  Visualization 

It  is  difficult,  therefore,  to  conceptualize  the  entire  network  of  the  mesocracking 
from  these  virtual  surface  views.  It  would  be  very  tedious  to  look  at  hundreds  or 
even  thousands  of  these  2-D,  MPR,  or  3-D  solid  3-D  views  to  try  to  ^^get  a 
complete  picture"  of  the  internal  mesocracking.  However,  a  3-D  point  cloud 
provides  the  desired  kind  of  information  about  the  cracking  pattern.  The  first 
step  in  obtaining  the  point  cloud  is  to  perform  the  required  image  processing  to 
"clean  up"  undesirable  image  features  or  artifacts.  DUP  Technologies  plug-in 
routines  contained  in  the  Adobe  PhotoDeluxe  Business  Software  were  used  to 
enhance  the  appearance  of  the  CT  scans.  These  routines  do  not  add  further  detail 
beyond  that  present  in  the  original  scans.  They  do,  however,  allow  the 
enhancement  of  sharpness  in  the  scans  by  defining  edges,  reducing  the  dotted, 
grainy  appearance  of  the  scans,  and  removing  moire  patterns. 

The  moire  fringe  pattern  removal  routine  also  appeared  to  have  the  effect  of 
removing  very  thin,  faint  crack  damage.  Figure  10  shows  a  CT  slice  near  the 
sectioned  surface  of  the  sample  to  which  this  technique  has  been  appUed.  The 
fringe  pattern  has  been  mostly  removed  with  only  a  few  vestiges  of  it  remaining 
in  and  aroxmd  the  center  of  the  image. 


Figure  10.  A  preprocessed  image. 


The  next  step  is  to  determine  the  best  gray  level  to  use  to  threshold  and  binarize 
(i.e.,  show  only  two  gray  levels  or  black  and  white)  the  images.  This  is  done  by 
"line  profiling"  the  feature  or  features  of  interest  in  the  image,  as  shown  in 
Figure  11.  Normally  the  fuU-width-half-maxunmn  value,  which  is  the  gray  level 
halfway  between  the  minimum  and  maximums  of  the  profile,  is  used.  The  result 
of  binarizing  the  image  in  Figure  10,  based  on  the  profile  in  Figure  11,  is  shown 
in  Figure  12  in  which  the  crack  damage  along  with  some  comminuted  damage, 
are  black  and  undamaged  material  is  white. 


Figure  11.  Gray  level  line  profile  through  a  crack. 


Figure  12.  Preprocessed,  thresholded,  and  binarized  image. 

Any  number  of  binary  images  like  the  one  shown  in  Figure  12  can  be 
volumetricaUy  combined  to  generate  a  3-D  point  cloud  describing  "boundaries" 
of  the  cracking  damage  and  comminuted  ceramic  material.  In  fact,  the  51  binary 
images  created  from  the  RO  CT  slices  throughout  the  volume  of  the  sample  were 
combined  to  generate  a  3-D  point  cloud  in  order  to  describe  the  mesocracking 
and  comminuted  damage  as  they  are  located  in  the  sample. 
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A  systematic  sampling  techiaique  was  applied  to  decrease  the  amount  of  data 
and  make  the  point  cloud  more  visually  informative,  since  the  point  cloud 
contained  more  points  than  were  necessary  for  data  analysis.  Figure  13  shows 
the  resulting  point  cloud,  in  which  the  x-direction  is  to  the  left  and  the 
z-direction  is  rotated  20°  cormterclockwise  (i.e.,  out  of  the  page)  from  vertical 
about  the  x-axis.  The  z-direction  relative  to  the  sample  is  from  the  back  face  to 
the  impact  face.  Therefore,  the  point  cloud  is  oriented  such  that  the  semicircular 
impact  face,  which  is  physically  at  the  top  of  the  image,  is  being  viewed 
obliquely.  Also,  the  sectioned  edge  along  the  diameter  on  the  back  face  is 
physically  at  the  bottom  of  the  image.  BIR  ACTIS  software  was  used  to  perform 
the  line  profiling,  create  binary  images,  and  generate  point  cloud  data. 
SURF  ACER  software  by  SDRC/Imageware,  Inc.  was  used  to  visualize  the  point 
cloud  data. 


Figure  13.  A  3-D  point  cloud  (wireform)  visualization  of  the  entire  mesocracking 
network. 

While  Figure  13  is  a  much  more  comprehensive  image  than  those  previously 
shown,  it  is  the  first  static  visualization  of  the  entire  TiC  mesocracking  damage 
pattern.  This  damage  pattern  is  observed  to  be  very  asymmetrical  with  the 
largest  damage  volume  (laminar  and  radial  cracks)  on  the  right  hand  side  of  this 
figure.  In  the  upper  center  of  the  figure,  an  intermixing  of  mainly  conical  and 
laminar  cracking  is  observed.  Most  of  this  cracking  damage  appears  to  be 
contiguous  and  perhaps  interconnected,  although  distinct  isolated  cracking  areas 
are  observed  in  the  lower  center.  A  dynamic  multi-axial  rotating  3-D  computer 
image  reveals  these  features  in  a  more  comprehensible  fashion,  as  shown  in 
Appendix  B. 
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5.  Summary  and  Conclusions 


We  have  demonshated  four  different  nondestructive  methods  (i.e.,  2-D  CT,  MPR 
pseudo  3-D^  3-D  solid,  and  3-D  point  cloud  or  wireform)  of  visualization  of  the 
mesoscale  cracking  in  a  TiC  ceramic  target  sample  resulting  from  an  interface 
defeat  ballistic  impact  experiment.  All  four  methods  described  herein  allow 
increased  visualization  of  tire  interior  mesocracking  at  known  depths  within  the 
sample.  Normal  digital  x-rays  provide  no  such  flexibility  of  depth  into  the 
iirterior  specimen  thickness.  The  details  of  the  complex  and  interwoven  cracking 
patterns  of  the  different  constitutive  cracking  types  are  revealed  with  the  point 
cloud  image  in  a  stiU  complex  yet  more  comprehensible  perspective.  The  3-D 
geometry  and  depth  profile  of  such  internal  mesocracking  damage  has  now 
become  more  easily  visualized.  Utilizing  3-D  solid  rotation  software,  one  can 
further  examine  the  point  cloud  mesocracking  image  from  multiple  orientations. 
While  the  image  spatial  resolution  is  insufficient  to  examine  the  microcracking 
damage  directly,  the  described  visuahzation  techniques  can  assist  in  the  selection 
of  judicious  locations  for  further  destructive  sectioning  and  subsequent  high 
magnification  ceramographic  analysis.  This  microcracking  has  been  considered 
recently  by  LaSalvia  et  al.  (2000)  through  destructive  examination  and 
mechanistic  modeling. 

We  have  demonstrated  also  that  the  x-ray  CT  scanning  technique  is  a  viable  and 
potentially  useful  tool  in  the  detection  and  assessment  of  ballistic  impact 
damage  in  brittle  ceramic  target  materials.  This  tool  may  also  be  applied  to 
assess  damage  resulting  from  configuration  design  changes  as  well  as  material 
modifications.  While  not  yet  able  to  separate  the  ensemble  of  each  of  the 
separate  constituent  cracking  damage  types,  one  can  appreciate  the  convolution 
of  their  individual  ensembles  in  the  assymetrical  overall  mesocracking  damage 
network.  Further  work  is  needed  to  develop  the  capability  of  deconvoluting  the 
point  cloud  or  wireform  image  into  the  constituent  mesocracking  types  for 
semi-quantitative  3-D  analysis.  Such  a  deconvolution  methodology  would 
permit  the  individual  cracking  types  to  be  independently  assessed  both 
geometrically  as  well  as  semi-quantitatively. 

Finally,  Grace  (1997;  2000)  has  suggested  that  a  combination  of  stress  analysis 
and  damage  observations  may  point  to  possible  ceramic  failure  mechanisms.  It 
is  thus  desirable  to  eventually  superimpose  a  computational  volumetric  stress 
analysis  map  over  the  volumetric  mesocrackiag  map  (wireform)  in  order  to 
examine  damage  correlations  and  to  make  comparisons  to  the  explicit 
geometrical  ballistic  damage  predictions  of  mechanistic  mesodamage  models  as 
they  become  available. 
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Appendix  A.  Virtual  Sectioning  of  Titanium  Carbide  (TiC) 
Disk  Using  Three-Dimensional  (3-D)  Solid 
Visualization 


Intentionally  left  blank. 


Figure  A-1.  0.89  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-2.  1.58  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 


20 


Figure  A-3.  1.87  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-4.  2.60  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-5.  3.09  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 


23 


Figure  A-6.  3.82  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 


Figure  A-7.  4.51  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-8.  5.04  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis 
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Figure  A-9.  5.53  rtim  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-10.  6.26  mm  from  bottom  of  disk  with  65®  rotation  about  X-axis 
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Figure  A-11.  6.75  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-12.  7.24  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-13.  7.97  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-14.  8.46  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-15.  9.19  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-16.  9.68  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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A-17.  10.17  nun  from  bottom  of  disk  witih  65°  rotation  about  X-axis. 
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Figure  A-18.  10.90  mm  from  bottom  of  disk  with  65®  rotation  about  X-axis. 
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e  A-19.  11.39  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-20.  12.12  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-21.  12.61  mm  from  bottom  of  disk  with  65®  rotation  about  X-axis. 
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Figure  A-22.  13.10  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-23.  13.83  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-24.  14.32  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-25.  15.05  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-26.  15.54  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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A-27.  16.27  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-28.  16.76  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-29.  17.25  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-30.  17.98  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-31.  18.47  nun  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-32.  19.20  mm  from  bottom  of  disk  with  65°  rotation  about 


50 


Figure  A-33.  19.69  nun  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-34.  20.18  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-35.  20.91  nun  from  bottom  of  disk  with  65®  rotation  about  X-axis. 
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Figure  A-36.  21.40  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-37.  22.13  min  from  bottom  of  disk  with  65®  rotation  about  X-axis. 
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Figure  A-38.  22.62  mm  from  bottom  of  disk  with  65°  rotation 


Figure  A-39.  23.35  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Figure  A-40.  23.84  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 


58 


Figure  A-41.  24.33  nun  from  bottom  of  disk  with  65°  rotation  about  X-axis. 


59 


Figure  A-42.  24.57  mm  from  bottom  of  disk  with  65°  rotation  about  X-axis. 
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Appendix  B.  Point  Clouds  of  Titanium  Carbide  (TiC)  Sample 
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Intentionally  left  blank. 
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Figure  B-1.  0^  rotation  about  X-axis. 
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Figure  B-2.  5°  rotation  about  X-axis. 
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Figure  B~3.  10°  rotation  about  X-axis. 
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Figure  B-4.  15°  rotation  about  X-axis. 
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Figure  B-5.  20°  rotation  about  X-axis. 
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Figure  B-6.  25°  rotation  about  X-axis. 
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Figure  B-7.  30°  rotation  about  X-axis. 
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Figure  B-8.  35°  rotation  about  X-axis. 
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Figure  B“9.  40°  rotation  about  X-axis. 
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Figure  B-10.  45°  rotation  about  X-axis. 
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Figure  B-11.  50^^  rotation  about  X-axis. 
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Figure  B-12.  55°  rotation  about  X-axis. 
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Figure  B-13.  60®  rotation  about  X-axis. 
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Figure  B-14.  65°  rotation  about  X-axis. 


78 


Figure  B-16.  75°  rotation  about  X-axis. 
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Figure  B-17.  80®  rotation  about  X-axis. 
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Figure  B-18.  85°  rotation  about  X-axis. 
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Figure  B-19.  90°  rotation  about  X-axis. 
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Figure  B-20.  0°  rotation  about  Y-axis. 
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Figure  B-21.  4.5''  rotation  about  Y-axis. 
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Fi^re  B-22.  9°  rotation  about  Y-axis. 
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Figure  B-23.  13.5°  rotation  about  Y-axis. 
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Figure  B-24.  18°  rotation  about  Y-axis. 
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Figure  B-25.  22.5°  rotation  about  Y-axis. 
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Figure  B-26.  27°  rotation  about  Y-axis. 
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Figure  B-27.  31.5°  rotation  about  Y-axis  . 
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Figure  B-28.  36^  rotation  about  Y-axis. 
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Figure  B-29.  40.5°  rotation  about  Y-axis. 
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Figure  B-30.  45°  rotation  about  Y-axis. 
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Figure  B-31.  49.5°  rotation  about  Y-axis. 


Figure  B-32.  54°  rotation  about  Y-axis. 
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Figure  B-33.  58.5°  rotation  about  Y-axis. 


96 


Figure  B-34.  63®  rotation  about  Y-axis. 
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Figure  B-35.  67.5°  rotation  about  Y-axis. 
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Figure  B-36.  72°  rotation  about  Y-axis. 
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Figure  B-37.  76.5°  rotation  about  Y-axis, 
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Figure  B-38.  81°  rotation  about  Y-axis. 
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Figure  B-39.  85.5°  rotation  about  Y-axis. 
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Figure  B-40.  90°  rotation  about  Y-axis. 


NO.  OF 
COPIES 

2 


1 

1 

1 

1 

1 


1 


ORGANIZATION 

DEFENSE  TECHNICAL 
INFORMATION  CENTER 
DTIC  OCA 

8725  JOHN  J  KINGMAN  RD 
STE  0944 

FT  BEL  VOIR  VA  22060-6218 

HQDA 

DAMO  FDT 

400  ARMY  PENTAGON 

WASHINGTON  DC  20310-0460 

OSD 

OUSD(A&T)/ODDR&E(R) 

DRRJTREW 

3800  DEFENSE  PENTAGON 
WASHINGTON  DC  20301-3800 

COMMANDING  GENERAL 
US  ARMY  MATERIEL  CMD 
AMCRDA  TF 
5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

INST  FOR  ADVNCD  TCHNLGY 
THE  UNIV  OF  TEXAS  AT  AUSTIN 
3925  W  BRAKER  LN  STE  400 
AUSTIN  TX  78759-5316 

US  MILITARY  ACADEMY 

MATH  SCI  CTR  EXCELLENCE 

MADN  MATH 

MAJ  HUBER 

THAYER  HALL 

WEST  POINT  NY  10996-1786 

DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  D 
DR  D  SMITH 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1197 

DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  Cl  AI  R 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1197 


NO.  OF 

COPIES  ORGANIZATION 

3  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  Cl  LL 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1197 

3  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  Cl  IS  T 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1197 


ABERDEEN  PROVING  GROUND 

2  DIR  USARL 

AMSRL  Cl  LP  (BLDG  305) 


103 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


7  CDR  US  ARMY  TACOM 
AMSTA  TR  S 
T  FURMANIAK 
S  GOODMAN 
D  HANSEN 
L  P  FRANKS 
D  THOMAS 
AMSTA  TR  E  MATE 
B  ROOPCHAND 
AMSTA  TR  STI 
J  CARIE 

WARREN  MI  48397-5000 

2  PROJECT  MANAGER 

GROUND  SYSTEM  INTEGRATION 

SFAE  GCSS  W  GSI 

TDEAN 

JROWE 

WARREN  MI  48397-5000 

13  CDR 

US  ARMY  RSCH  OFC 
A  CROWSON 
D  SKATRUD 
J  PRATER 
D  STEPP 
J  BAILEY 
DMANN 
G  ANDERSON 
R  HARMON 
A  RAJENDRA 
MDUTTA 
J  KRUGER 
E  SEGAN 
W  MULLINS 
PO  BOX  12211 

RSCH  TRIANGLE  PARK  NC 
27709-2211 

1  USA  AMCOM 
AATD 

J  C  SHUCK 
LEE  BLVD 
BLDG  401 

FORTEUSTISVA  23604 

2  CDR  NGIC 
J  CRIDER 

W  GSTATTENBAUER 
220  SEVENTH  AVE 
CHARLOTTESVILLE  VA  22901-5391 


1  CIA 

OSWR  DSD 
W  WALTMAN 
ROOM  5P0110  NHB 
WASHINGTON  DC  20505 

1  PM  BFVS 

SFAE  GCSSWBV 
S  DAVIS 

WARREN  MI  48397-5000 

3  CDR  CARDEROCK  DIV  NSWC 
R  PETERSON  CODE  28 
K  G  LIPETZKY  CODE  615 
W  T  MESSICK  CODE  0115 
9500  MACARTHUR  BLVD 
W  BETHESDA  MD  20817-5700 

1  DEPT  OF  THE  NAVY 

OFC  DIR  REPORTING  PROG  MGR 
ADVNCD  AMPHIBIOUS  ASSAULT 
D  ERDLEY 

WASHINGTON  DC  20380-0001 

13  DIR 
LLNL 

J  REAUGH  L290 
M  FINGER  MS  35 
D  BAUM  L170 
D  STEINBERG 
M  WILKINS 
M  J  MURPHY  L282 
RWHIRLEY  L122 
H  E  MARTZ 
A  WALTERS 
E  N  C  DALDER 
H  MARTZ 
JHALL 

TECH  LIBRARY 
PO  BOX  808 

LIVERMORE  CA  94550-9234 

3  NAVAL  RSCH  LABORATORY 
B  METZBOWER 
D  MICHEL 
R  KERANS 

4555  OVERLOOK  AVE  SW 
WASHINGTON  DC  20375 


104 


NO.  OF 

COPIES  ORGANIZATION 
13  DIR 

LOS  ALAMOS  NATL  LAB 
GECORTF663 
RKARPPMS1960 
FGAC 
B  HOGAN 
W  GASKILL 
J  CHAPYAK  MS  G787 
S  MARSH  MS  970  M  6 
T  N  CLAYTON 
MH  JONES 
RM  BONITA 
D  M  WRIGHT 
K  E  SIMMONDS  MS  6352 
TECH  LIBRARY 
PO  BOX  1663 
LOS  ALAMOS  NM  87545 

2  AIR  FORCE  ARMAMENT  LAB 

AFATL  DLJW 
WCOOK 
TECH  LIBRARY 
EGLIN  AFB  FL  32542 

1  NAVAL  POST  GRAD  SCHOOL 
J  STERNBERG  CODE  EW 
MONTEREY  CA  93943 

2  MSD  ENL 
WDYESS 
J  FOSTER 

EGLIN  AFB  FL  32542-5000 

1  NEW  MEXICO  TECH 
D  EMARY 
TERA  GROUP 
SOCORRO  NM  87801 

1  DEFENSE  NUCLEAR  AGENCY 
TECH  LIBRARY 
6801  TELEGRAPH  RD 
ALEXANDRIA  VA  22192 

6  SANDIA  NATL  LAB 
R  GRAHAM  DIV  1551 
P  YARRINGTON 
D  GRADY  MS  0821 
L  CHHABILDAS  MS  0821 
TECH  LIBRARY 
PO  BOX  5800 

ALBUQUERQUE  NM  87185-0307 


NO.  OF 

COPIES  ORGANIZATION 

1  CIA 

OSWR  DSD 
W  WALTMAN 
RM  5P0110  NHB 
WASHINGTON  DC  20505 

1  FEDERAL  HIGHWAY  ADMINSTR 
G  WASHER 

NONDEST  VALIDATION  CTR 
TURNER  FAIRBANK  HWY  RES  CTR 
6300  GEORGETOWN  PIKE 
MCLEAN  VA  22101 

7  INST  FOR  ADVNCD  TECH 
W  REINECKE 
S  BLESS 
HFAIR 
P  SULLIVAN 
TKIEHNE 
D  LITTLEFIELD 
R  SUBRAMANIAN 
PO  BOX  202797 
AUSTIN  TX  78720-2797 

2  UNIV  OF  DAYTON  RSCH  INST 
KLA14 

N  BRAR 

A  PIEKUTOWSKI 
300  COLLEGE  PARK 
DAYTON  OH  45469-0182 

3  SOUTHWEST  RSCH  INST 
C  ANDERSON 

J  RIEGEL 
J  WALKER 
6220  CULEBRA  RD 
SAN  ANTONIO  TX  78238 

2  BROWN  UNFV 

DIV  OF  ENGINEERING 
R  CLIFTON 
S  SUNDARAM 
PROVIDENCE  RI  02912 

2  UNIV  OF  CA  SAN  DIEGO 

DEPT  OF  APPL  MECH  &  ENGR 
SVCS  ROll 
S  N  NASSER 
M  MEYERS 

LA  JOLLA  CA  92093-0411 


105 


NO.  OF 

COPIES  ORGANIZATION 

2  AERONAUTICAL  RSCH  ASSOC 
R  CONTILIANO 
J  WALKER 
PO  BOX  2229 
50  WASHINGTON  RD 
PRINCETON  NJ  08540 

2  ALLIANT  TECHSYSTEMS  INC 
T  HOLMQUIST 
G  JOHNSON 
600  SECOND  STREET  NE 
HOPKINS  MN  55343 

1  ALME  AND  ASSOC 
MALME 
PO  BOX  1388 

LOS  ALAMOS  NM  87544-1388 

1  APPLIED  RSRCH  ASSOC  INC 
J  YATTEAU 

5941  S  MIDDLEFIELD  RD 
STE  100 

LITTLETON  CO  80123 

1  APPLIED  RSCH  ASSOC  INC 

D  GRADY 

4300  SAN  MATEO  BLVD  NE 
STE  A  220 

ALBUQUERQUE  NM  87110 

1  BRIGGS  COMPANY 
J  BACKOFEN 

2668  PETERSBOROUGH  ST 
HERNDON  VA  20171-2443 

1  CENTURY  DYNAMICS  INC 

N  BIRNBAUM 

2333  SAN  RAMON  VALLEY  BLVD 
SAN  RAMON  CA  94583-1613 

3  CERCOM  INC 
R  PALICKA 
G  NELSON 
BCHEN 

1960  WATSON  WAY 
VISTA  CA  92083 


NO.  OF 

COPIES  ORGANIZATION 

1  CYPRESS  INTERNATIONAL 
A  CAPONECCHI 
1201  E  ABINGDON  DR 
ALEXANDRIA  VA  22314 

1  R  J  EICHELBERGER 

409  W  CATHERINE  ST 
BEL  AIR  MD  21014-3613 

1  EPSTEIN  AND  ASSOC 
K  EPSTEIN 

2716  WEMBERLY  DRIVE 
BELMONT  CA  94002 

2  GALT  ALLOYS  INC 
S  FELLOWS 

S  GIANGIORDANO 
122  CENTRAL  PLAZA  N 
CANTON  OH  44702 

6  GDLS 

W  BURKE  MZ436  21  24 
G  CAMPBELL  MZ436  30  44 
D  DEBUSSCHER  MZ436  20  29 
J  ERIDON  MZ436  21  24 
W  HERMAN  MZ435  01  24 
S  PENTESCU  MZ436  21  24 
38500  MOUND  RD 
STERLING  HTS  MI  48310-3200 

2  GENERAL  RSCH  CORP 
PO  BOX  6770 

SANTA  BARBARA  CA  93160-6770 

1  INTERNATL  RSCH  ASSOC 
D  ORPHAL 
4450  BLACK  AVE 
PLEASANTON  CA  94566 

1  JET  PROPULSION  LABORATORY 
IMPACT  PHYSICS  GROUP 
M  ADAMS 

4800  OAK  GROVE  DRIVE 
PASADENA  CA  91109-8099 

1  KAMAN  SCIENCES  CORP 

1500  GARDEN  OF  THE  GODS  RD 
COLORADO  SPRINGS  CO  80907 


NO.  OF 

COPIES  ORGANIZATION 

3  O  GARA  HESS  AND  EISENHARDT 
G  ALLEN 

D  MALONE 
T  RUSSELL 
9113  LE  SAINT  DR 
FAIRFIELD  OH  45014 

1  OREMET  WAH  CHANG 

Y  KOSAKA 
PO  BOX  580 
ALBANY  OR  97321 

4  POULTER  LABORATORY 
SRI  INTERNATIONAL 

D  CURRAN 
RKLOOP 
L  SEAMAN 
D  SHOCKEY 
333  RAVENSWOOD  AVE 
MENLO  PARK  CA  94025 

1  SAIC 

J  FURLONG  MS  264 
1710  GOODRIDGE  DR 
MCLEAN  VA  22102 

1  BOB  SKAGGS 
RT 11  BOX  81E 
SANTA  FE  NM  87501 

4  SIMULA  INC 
RWOLFFE 
R  HUYETT 
G  GRACE 
G  YANIU 

10016  SOUTH  51STST 
PHOENIX  AZ  85044 

8  UNITED  DEFENSE  LP 
J  DORSCH 

V  HORVATICH 
B  KARIYA 

M  MIDDIONE 
J  MORROW 
R  MUSANTE 
R  RAJAGOPAL 
D  SCHADE 
PO  BOX  367 

SANTA  CLARA  CA  95103 


NO.  OF 

COPIES  ORGANIZATION 

3  UNITED  DEFENSE  LP 
E  BRADY 
R  JENKINS 
J  JOHNSON 
PO  BOX  15512 
YORK  PA  17405-1512 

1  ZERNOW  TECH  SVCS  INC 
L  ZERNOW 
425  W  BONITA  AVE 
SUITE  208 

SAN  DIMAS  CA  91773 

1  PNIN  DPTY  FOR  TCHNLGY  HQ 

US  ARMY  MATCOM 
AMCDCG  T 

5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

1  PNIN  DPTY  FOR  ACQUSTN  HQ 

US  ARMY  MATCOM 
AMCDCG  A 

5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

1  DPTY  CG  FOR  RDE  HQS 
US  ARMY  MATCOM 
AMCRD 

5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

1  DPTY  ASSIST  SCY  FOR  R&T 

SARDTT 
THE  PENTAGON 
WASHINGTON  DC  20301-7100 

1  OSD 

OUSD(A&T)/ODDR&E  (W) 

L  SLOTER 

1777  N  KENT  ST  SUITE  9030 
ARLINGTON  VA  22209 

1  US  MILITARY  ACADEMY 
DEPARTMENT  OF  MATH  SCI 
WEST  POINT  NY  10996-1786 

2  DIR  DARPA 
SWAX 

L  CHRISTODOULOU 
3701  NORTH  FAIRFAX  DR 
ARLINGTON  VA  22203-1714 


107 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


2  CDR  USAF  RSCH  LAB 
W  GRIFFITH 
J  MALAS 

WPAFB  OH  45433-7131 

2  UNIV  OF  CA  SAN  DIEGO 

DEPT  OF  EXPERIMENTAL  MECH 
AND  STRUCTURAL  ENGR 
V  M  KARBHARI 
F  L  DISCALEA 
LA  JOLLA  CA  92093-0085 

2  TFIE  JOHNS  HOPKINS  UNIV 
R  E  GREEN 
J  B  SPICER 

102  MARYLAND  HALL 
3400  N  CHARLES  ST 
BALTIMORE  MD  21218 

5  PENN  STATE  UNIV 
DEPT  SCI  &  MECH 
R  MCNITT 
B  TITTMANN 
C  LIFFENDEN 
DEPT  CIVIL  ENG 
R  QUEENEY 
T  KRAUTHAMMER 
ENRGY  &  GEO  ENVIR  ENG 
AS  GRADER 

UNIVERSITY  PARK  PA  16802 

2  NSWC  INDIAN  HD  DIV 

CONCORD  DETACHMENT 
CODE  722 
M  SKIPALIS 
W  BROWN 
10  DELTA  ST 

CONCORD  CA  94520-5100 

1  NASA  LANGLEY  RSCH  CNTR 
NDE  SCI  BRANCH 
J  N  ZALAMEDA 
BLDG  1230  RM  154 
HAMPTON  VA  23681-0001 

1  DIRECTOR 
AMPTIAC 
DROSE 
201  MILL  ST 
ROME  NY  13440-6916 


1  DIRECTOR 
NTIAC 

G  A  MATZKANIN 
415  CRYSTAL  CREEK  DR 
AUSTIN  TX  78746 

2  MATERIEL  TEST  DIR 
CSTE  DTC  WS  MT 

H  W  BENNETT 
R  GRAJEDA 
WSMR  NM  88002 

2  CDR  US  ARMY  MRDEC 
AMSMI RD  ST  WF 
D  LOVELACE 
M  SCHEXNAYER 

REDSTONE  ARSENAL  AL  34898-5250 

1  CDR  US  BLVR  RD&E  CTR 
STRBE  NAN 

TECH  LIBRARY 

FORT  BELVOIR  VA  22060-5166 

2  CDR  US  ARMY  ARDEC 
SMCAR  AAE  W 

J  PEARSON 
TECH  LIBRARY 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  PM  TANK  MAIN  ARMNT  SYS 
SSAE  ARTMAMT 
PICATINNY  ARSENAL  NJ 
07806-5000 

2  CDR  ERO 
USARDSG  (UK) 

S  SAMPATH 

J  ILLINGER 
PSC  802  BOX  15 
FPO  AE  09499-1500 

1  USMC  MCRDAC  PM 
GRNDS  WPNS  BR 
D  HAYWOOD 
FIREPOWER  DIV 
QUANTICO  VA  22134 

1  CHIEF  OF  NAVAL  RSCH 

OFC  OF  NAVAL  TECH 
AJFAULSDITCH 
ONT  23 

BALLSTON  TOWERS 
ARLINGTON  VA  22217 


108 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  NAVAL  WPNSCTR 
TECH  LIBRARY 
CHINA  LAKE  CA  93555 

1  NUSC  NEWPORT 

S  DICKINSON  CODE  8214 
NEWPORT  RI  02841 

1  NAWC 

J  J  LUNDEEN  CODE  4342 
BLDG  2188 

PATUXENT  RIVER  MD  20670-1908 

14  NSWC  DAHLGREN  DIV 

V  GEHMAN  B20 
E  E  ROWE  G22  (5  CPS) 

B  D  SMITH  G22  (5  CPS) 

J  MCCONKIE  G32 
TECH  LIBRARY  B60 
MISSILE  SYS  DATA  CTR  G205B 
17320  DAHLGREN  RD 
DAHLGREN  VA  22448 

3  DYNA  EAST  CORP 
P  C  CHOU 
R  CICCARELLI 
WFLIS 

3201  ARCH  ST 
PHILADELPHIA  PA  19104 

2  S  CUBED 

R  SEDGWICK 

PO  BOX  1620 

LA  JOLLA  CA  92038-1620 

2  ORLANDO  TECH  INC 
D  MATUSKA 
J  OSBORN 
PO  BOX  855 
SHALIMAR  FL  32579 

1  LIVERMORE  SOFTWARE 
TECH  CORP 

J  O  HALLQUIST 
1876  WAVERLY  WAY 
LIVERMORE  CA  94550 

2  MARTIN  MARIETTA  MISSILE 
SYSTEMS 

C  E  HAMMOND  MP  004 
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